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Abstract
Protein X-ray crystallography recently celebrated its 50th anniversary. The structures of myoglobin
and hemoglobin determined by Kendrew and Perutz provided the first glimpses into the complex
protein architecture and chemistry. Since then, the field of structural molecular biology has
experienced extraordinary progress and now over 53,000 proteins structures have been deposited
into the Protein Data Bank. In the past decade many advances in macromolecular crystallography
have been driven by world-wide structural genomics efforts. This was made possible because of
third-generation synchrotron sources, structure phasing approaches using anomalous signal and cryo-
crystallography. Complementary progress in molecular biology, proteomics, hardware and software
for crystallographic data collection, structure determination and refinement, computer science,
databases, robotics and automation improved and accelerated many processes. These advancements
provide the robust foundation for structural molecular biology and assure strong contribution to
science in the future. In this report we focus mainly on reviewing structural genomics high-throughput
X-ray crystallography technologies and their impact.

Introduction
In the 21st century, with the advent of new astonishingly efficient genome sequencing
techniques[1], microarray experiments[2], and new proteomics technologies, biology has seen
huge increases in DNA sequence, gene expression and proteomics data. The Human Genome
and other genome sequencing projects continue to deliver new protein sequences at an
astounding pace. New protein families are being discovered in newly sequenced genomes[3–
6*] [www.jgi.doe.gov/programs/GEBA/pilot.html] or are overrepresented in specific
environments such as human microbiomes [7]. For a large fraction of these proteins families
we have virtually no functional or structural data[8*].

Since its inception in the 1950’s of the 20th century, structural molecular biology provided
critical observations in biology, and it continues to contribute greatly to the understanding of
many biological processes. Structures helped to define biological concepts, explain molecular
and biochemical function, and facilitate understanding underlying biochemical mechanisms
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(see human aldose reductase data[9]). Structural molecular biology helped to decipher basic
principles of protein structure and assembly, mechanisms of biochemical reactions, and details
of macromolecular interactions, and has contributed to developing new pharmaceuticals. At
present, the majority of proteins associated with many key cellular processes have structural
representatives known[3]. The atomic resolution structures explained basic principles of
proteins three-dimensional structures at a very high level of detail. High-quality structural
models are available for the majority of important protein families. Moreover, the structures
of numerous complexes and multi-component assemblies have been also determined, and in
the past few years, excellent progress has been made for several classes of membrane proteins,
including GPCRs[10**]. Structural coverage of several important drug targets is remarkable
(kinases, phosphatases, proteases)[11]. From its inception, structural molecular biology had
accomplished this quest by focusing on specific systems and individual proteins. At the same
time it is worth noticing that some very large and important protein families are still poorly
structurally studied[4]. Moreover, many biologists would like to have a structure of their
favorite protein available and several lists of the most desired structures have been compiled
[12]. Structural genomics researchers’ intention was to fill this major gap by developing high
throughput (HTP) methods, improving quality of structures and reducing the cost of structure
determination.

The structural genomics (SG) programs were initiated in 1990’s. For the first time, these
programs attempted to use available comprehensive genomic information to select protein
targets for structure determination. SG’s quest is to determine rapidly a large number of novel
structures in order to expand structural and functional knowledge for proteins found in
genomes. This approach is based on the notion that a structure available for one member of a
protein sequence family will provide structural information for the whole family and will help
explain the function of the majority of members of the family. In the past 10 years, SG has
significantly expanded its contribution of structures (Table 1). Because SG uses genomic data
to select proteins for structure determination and avoids proteins with known structural
homologues, SG has become the most important source of structural novelty. This is especially
true for the NIH-funded Protein Structure Initiative[13] (PSI), which contributed 1520 novel
structures in the second phase of this program[14*], 39% of all novel structures deposited
during this period of time (http://targetdb.pdb.org/Metrics/MilestonesTables.html).

From structural genomic and other data it has become apparent that remarkably, proteins with
the same fold and nearly identical structures show no sequence identity. Interestingly, these
proteins may perform the same, similar (Fig. 1) or different functions[15*]. This clearly
underlies the importance of, and the need for, structural information. At the same time,
structures alone are not always sufficient to decipher specific biochemical protein function,
although the progress in identifying function has been significant[15*,16*]. It has also become
evident that proteins are built from smaller domains that are being reused for performing
different functions and this modularity of proteins may be the most important characteristic of
protein functional and structural design[5,8]. Moreover, knowing the structures of domains
can be highly valuable in interpreting lower resolution data for large macromolecular
assemblies[17].

In this review we will attempt to summarize how SG has impacted the progress in structural
molecular biology, where we are now, and what directions structural molecular biology may
take in the future. Although SG has contributed strongly to both X-ray crystallography and
NMR, in this review we will focus exclusively on progress in X-ray crystallography. Because
of the huge contribution SG has brought to the development of methods, this review can’t be
comprehensive and will be limited to selected technologies, and also because we are associated
with the PSI SG effort, this review will focus mainly on PSI contributions, although significant
progress has been made by SG efforts world-wide.
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SG contributed many technological advances that are directly applicable to structural
molecular biology

The scale (7733 structures, including 4054 from the PSI alone in past 9 years, Table 1
(http://targetdb.pdb.org/Metrics/MilestonesTables.html)) and comprehensives in the SG
approach from gene to structure [18**,19**,20*,21*,22*] permitted very rigorous testing and
advancing methods and technologies for structural molecular biology. Methods that have been
tested on one or few proteins now could be verified with hundreds and thousands of highly
diverse samples passed through the same experimental protocol and using the same equipment.
To analyze multiple targets efficiently it is clear that parallel process must be employed[21*,
23,24**,25]. Many steps in molecular biology are simple but labor intense and are repeated
hundreds of times; therefore such steps can strongly benefit by applying automation and
robotics. Therefore, for the first time, SG provided a large-scale parallel platform to thoroughly
evaluate structural molecular biology methods. Large data sets are generated and can be mined
to extract significant trends to identify what works, what does not and therefore what to avoid
[21**,26**]. Moreover, because of the open policy, SG has shared these improvements with
the biological community. As a result, today we have many robust, efficient and cost effective
approaches in molecular biology and protein production, crystallization, data collection and
structure determination using X-ray crystallography, structural model generation, structure
refinement and validation. Moreover, the cost has been significantly reduced (5–6 fold) and
quality of structure determination has been improved. The methods developed in SG have wide
applicability in structural molecular biology and many components of the HTP pipelines have
been already adopted world-wide, many are freely accessible to the scientific community at
the structural genomics and synchrotron beamlines facilities[27]. Furthermore, these methods
are also being broadly disseminated; for example, the PSI SG efforts contributed thus far 720
manuscripts describing a wide range of technologies. The biology community can also take
advantage of HTP pipelines and nominate proteins for structure determination through the PSI
KB website[28*] to use these pipelines. In addition, the PSI technology portal lists information
about hundreds different technologies developed by PSI SG centers
(http://kb.psi-structuralgenomics.org/KB/).

Structural genomics contributed significantly to four major challenges in protein structural
molecular biology: 1) it has developed several HTP methods for improving proteins and
producing high quality samples for structure determination, 2) it has established and verified
general and robust structure phasing approaches using synchrotron radiation, 3) it has reduced
errors and increased the speed and efficiency of structure determination, and 4) it has large
scale tested numerous approaches that may serve as salvage pathways to improve the success
rate in structure determination of recalcitrant proteins.

Is a protein suitable for structure determination?
Not all proteins are designed for crystallization or are compatible with the structure
determination process using X-ray crystallography. SG developed methods to assess suitability
of protein for structural biology pipelines, especially suitable for protein domains.

Data mining to optimize protein sequence for structure determination—The scale
of SG efforts now allows for identification of certain protein features and biophysical
parameters that indicate higher propensity to crystallize. Therefore, one can analyze protein
family sequences or sequence constructs and identify those that are more likely to result in
structure. For example, Godzik and colleagues from Joint Center for Structural Genomics
(JCSG) designed a “crystallization feasibility” score indicating which protein sequence shows
higher propensity to advance to three-dimensional structure[26**]. Analyses of PDB
depositions suggest that these same features and properties are present for proteins with known
structures, suggesting that this approach should help to evaluate crystallization feasibility and
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success in structure determination and it should be of high interest to all structural biologists,
as well as to molecular and biochemistry laboratories[26**]. This resource is freely available
to the scientific community (ffas.burnham.org/XtalPred). A similar approach for designing
domain constructs has been developed by Babnigg and colleagues at the MCSG and is available
to the scientific community (MCSG, bioinformatics.anl.gov/cgi-bin/tools/PDpredictor).
Multiple proteins (orthologues) and/or multiple constructs (mutants or length variants) of the
same protein can be screened in order to identify suitable protein constructs that can be
produced at a structural molecular biology scale and quality[29,30].

Employing enhanced hydrogen/deuterium exchange MS for refinement of
crystallographic protein construct—The JCSG has developed a number of
enhancements for high-resolution deuterium exchange MS (DXMS) technology that allows
rapid identification of unstructured regions in proteins. Structural comparisons showed that the
DXMS method can correctly localize even small internal regions of disorder that correlated
extraordinarily well with lack of density in the crystallographic maps. The DXMS analysis
identified truncations that greatly improved crystallization and have been used for structure
determination. This approach represents a rapid and generalized method that can be applied to
any structural molecular biology protein of interest[31**]. The method is now used broadly to
study protein structure and dynamics and ligand binding[32].

In structural genomics, the process of solving structures from clone to deposit provides a unique
knowledge base. As the experimental data accumulates rapidly in the databases, new
experiments can be planned and executed more efficiently based on past successes and failures.
This enables the evaluation of each step’s effectiveness and allows the elimination of
approaches that are less effective or produce sub-optimal results (at the same time promoting
more effective approaches). This guides the decision making process whether to stop or
continue or to apply a particular salvage approach to “challenging” targets. For specific classes
of proteins and recalcitrant targets, an alternative set of “salvage” protocols and methods must
be identified as early as possible and applied in order to increase success rate. This process
enables the development of methods that allow the SG community to continuously redefine
valid targets and create new, improved protocols[25,33].

Gene cloning and protein expression
Obtaining high-quality protein samples for structure determination is a not a trivial task,
especially if one has to do it for many different proteins, mutants or different constructs. Wide
application of recombinant technology for gene cloning and protein expression in vivo and in
vitro has been critical to production of high quality samples for structural molecular biology.
Two leading approaches have emerged in gene cloning:

Ligation Independent Cloning (LIC)—The use of LIC vectors allows rapid progression
from gene to expression clone of a complete gene or its fragment using polymerase chain
reaction (PCR). LIC eliminates restriction enzymes and DNA ligase components of traditional
cloning protocols. LIC provides unique cloning sites, is directional, high efficiency, simple,
rapid, inexpensive, and low-background. The LIC method can rapidly generate multiple
constructs from a single template, and is compatible with multiple vectors. The LIC approach
can be implemented readily in a highly parallel format with minimal optimization and is well
suited to both robotic and manual cloning and expression. For example, the Midwest Center
for Structural Genomics (MCSG) developed a series of LIC vectors, “pMCSG”, and a set of
semi-automated protocols which can be applied to different proteins and used in several
applications. Some vectors allow the addition of affinity tags to a protein of interest, some
provide enhancers of protein solubility (like maltose binding protein), and some can be used
for protein co-expression experiments or track protein behavior during expression using
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fluorescence tags. These new protein expression vectors were tested on nearly 40,000 gene
constructs and also can be applied to large proteins and eukaryotic domains[34**,35]. The
MCSG vectors are available through the PSI Material Repository
(http://www.hip.harvard.edu/PSIMR/) and a wide variety of LIC compatible vectors are
available commercially. LIC vectors are also being applied for expression of membrane
associated and transmembrane proteins.

Polymerase Incomplete Primer Extension (PIPE)—In the alternative approach, the
PIPE method was developed by the Joint Center for Structural Genomics (JCSG) for HTP
cloning of many protein constructs. PIPE combines cloning and mutagenesis into a simple two-
step protocol with high efficiency and flexibility. With the PIPE protocol, all major cloning
operations are achieved by transforming competent cells with PCR products immediately
following amplification. Using straightforward primer design conventions and PCR, short,
overlapping sequences are introduced at the ends of these incomplete extension mixtures.
These extensions allow complementary strands to anneal and produce a hybrid vector/insert
permutation. The hybrids are then directly transformed into recipient cells without any post-
PCR enzymatic manipulations. Similarly to the LIC approach, all major cloning operations are
achieved by transforming competent cells with PCR products. The method is robust and
amenable to automation as only a few, simple processing steps are needed. Using this approach,
researchers in the JCSG have cloned thousands of genes in parallel using minimum effort
[24**].

High-throughput sample preparation for structural biology
Expression of proteins from cloned genes in E. coli has been optimized in the SG pipelines to
produce more soluble proteins in large quantities using high-density cultures. These new
approaches are fully compatible with efficient in vivo incorporation of selenium atoms to aid
phasing.

New high-density media for protein production of native and SeMet-labeled
proteins—A drive to improve protein expression resulted in the development of new media
that are compatible with the introduction of selenomethionine (SeMet) to proteins. Studier lab
has been at the forefront of developing vectors using a T7lac promoter for efficient production
of a wide variety of proteins in E. coli. Systematic analysis of bacterial growth allowed for the
development of reliable non-inducing and auto-inducing media in which batch cultures can
grow to high densities. Expression strains grown to saturation in non-inducing media retain
plasmids and remain fully viable for an extended period of time. Auto-induction allows for the
efficient screening of many clones in parallel for expression and solubility, as cultures only
have to be inoculated and grown to saturation, and yields of target protein are typically several-
fold higher than obtained by conventional IPTG induction. Auto-inducing media have been
developed for labeling proteins with SeMet and for production of target proteins by the
arabinose induction of T7 RNA polymerase from the pBAD promoter in BL21-AI[36**].
Similarly, high efficiency minimal media was developed at the MCSG by optimizing the media
composition. This new “pink” version of the M9 medium permits E. coli to grow at low
temperature to high densities and is fully compatible with incorporation of SeMet to proteins
[34**].

In SG effort, the majority of protein expression is done in E. coli, but expressing proteins in
bacteria in a soluble form is often a major challenge. Low temperature expression of proteins
in many cases improves their solubility and stability. The Inouye Laboratory at the Northeast
Structural Genomics Consortium developed a set of expression vectors, termed pCold vectors,
which drive the high expression of cloned genes by cold-shock promoter. Proteins from both
microbial and eukaryotic sources can be produced with very high yields[37*].
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Yeast strain for expression of SeMet-labeled proteins—Malkowski and colleagues
at the Center for High-Throughput Structural Biology engineered Saccharomyces cerevisiae
to accept SeMet, therefore making it possible to label proteins expressed in yeast with SeMet.
By deleting SAM1 and SAM2 genes encoding AdoMet synthetase which converts methionine
to S-adenosylmethionine, they created a strain with reduced SeMet toxicity[38*]. The strain
requires AdoMet for growth but it can grow on high concentrations of SeMet. Proteins
expressed in this strain of yeast are labeled with SeMet and are suitable for structure
determination.

Cell-free protein expression—Expressing proteins in bacterial systems has certain
drawbacks and the use of cell-free protein expression has been shown to provide good
alternative. The E. coli and wheat germ based systems have been used for a very long time,
but only after SG programs started using these expression systems have they been tested
vigorously and compared[39–41]. The progress in optimizing particularly the wheat germ
expression system is encouraging. The quality of extracts and new instrumentation caused
successful applications of these systems to produce proteins for functional and structural
molecular biology studies ref]. In general, two level expression and purification protocols are
recommended: a small microgram-scale is used for rapid evaluation, and large milligram-scale
protein production of tagged proteins is used for to obtain both unlabeled and labeled proteins
required for structure-based determinations by X-ray crystallography.

Optimizing protein for structure determination
Obtaining suitable protein for structure determination often requires the modification of the
protein itself. For example removing unstructured regions of proteins can provide a
considerable advantage in obtaining high-quality crystals.

In situ proteolysis to aid crystallization—Partial proteolysis combined with mass
spectrometry has been used for a long time to define the optimal protein construct for structure
determination. Now SG expanded this method forward with in situ proteolysis during
crystallization. The MCSG and Structural Genomics Consortium (SGC) in a collaborative
effort systematically study in situ proteolysis of proteins to promote crystallization. Typically
in situ proteolysis removed residues at either the N- or C-termini, or both. The use of in situ
proteolysis provides a path to significantly increase the success rate of protein structure
determination particularly for recalcitrant proteins[42,43*] and it appears, with over 12%
success rate, to be the most efficacious crystallization salvage strategy.

Modification of the protein surface has been shown to aid crystallization. The SG programs
have extensively tested several of these approaches with two briefly described below.

Surface entropy reduction to promote protein crystallization—Derewenda’s
laboratory at the Integrated Center for Structure and Function Innovation developed a method
to engineer a protein surface designed to form intermolecular contacts that could support crystal
packing. This approach is based on the concept of surface entropy reduction (SER), i.e., the
replacement of small clusters of two to three solvent-exposed high conformational entropy
residues with small residues such as alanine. The method has been successfully used to
crystallize a number of novel proteins and many recalcitrant proteins. It has shown to be an
effective salvage pathway for proteins that are difficult to crystallize[44*]. The surface entropy
reduction prediction server (SERp), designed to identify mutations that may facilitate
crystallization, has been developed and is available at
www.doe-mbi.ucla.edu/Services/SER[45*].
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Reductive methylation of protein surface—Similarly, at the MCSG, surface
modification using reductive methylation of lysine residues in proteins has been tested on
several hundred unique protein targets that failed to crystallize or produce X-ray quality
crystals. The chemical modification is fast, specific, inexpensive, and requires few steps under
relatively mild buffer and chemical conditions. Following the method described by I. Rayment
[46] the proteins can be methylated and screened using the HTP crystallization pipeline.
Reductive methylation of lysine residues alters protein surface properties and crystallization
behavior. For 7% of screened target proteins crystal structures have been obtained, the
methylated proteins tend to diffract to higher resolution as compared with native. The method
is well suited to HTP projects as well as regular laboratories[47*].

Protein purification and crystallization
Recent advances in protein purification—For structural molecular biology applications
the resulting protein samples must be compatible with the structure determination regime,
specifically protein must comply with the crystallization process. The approaches for HTP
protein purification and production of crystals for many proteins that are suitable for
synchrotron-based X-ray crystallography have been developed and implemented in a number
of SG centers[48*]. In general the quantities of proteins must achieve protein concentrations
in the range of 5–25 mg/ml, allowing screening 500–1000 crystallization conditions, and
produce X-ray-quality single crystals. A high protein purity of >95% is required. The only
practical and HTP approach that is compatible with the above criteria is purification using
affinity tags and semiautomated chromatographic workstations capable of performing
minimum two consecutive chromatographic steps[49]. SG has contributed to the development
of instrumentation and protocols for semi-automated multi-dimensional chromatography that
are compatible with structural molecular biology requirements. New commercially available
chromatographic workstations allow the development of advanced multi-step purification
protocols and the implementation of these protocols for many proteins, protein constructs, or
allow purification at milligram to gram quantities of proteins for HTP structure determination
and other applications like screening for drug discovery. For example, the MCSG has
developed and extensively tested several protocols for HTP automated protein purification
using affinity and size exclusion chromatography, protein refolding, proteolytic cleavage on
the column and others. These protocols implemented on AKTA EXPLORER 3D and
AKTAexpress workstations are fast and produce many proteins in parallel in milligram
quantities. Similar approaches are being developed for purification of small protein-protein
complexes[50]. The automated chromatography has been successfully applied to several
thousands of proteins of microbial and eukaryotic origin in many SG laboratories world-wide
and now being also used in smaller laboratories.

Reducing the amount of protein for crystallization—In protein crystallography, the
amount of material for crystallization is often a limiting factor. The SG efforts in crystallization
have been focused, among other goals, on lowering the amount of sample needed and
discovering the best crystallization formulations. New optimized crystallization screens are
now available commercially (JCSG, JCSG1-4, ANL-1 and 2) that improve the success rate for
many proteins. The use of very small volumes has been explored and extensively tested with
over 50,000 proteins in the SG centers. Small crystallization volumes tend to reduce
equilibration times and increase the success rate[48*,51*,52]. Optimization approaches to turn
very small or low-quality crystals into useful diffracting ones must be taken into consideration
and must be adapted to HTP. The use of automation in HTP screening with optimized custom
screens increases the chance of improving crystals.

The use of a nanovolume microfluidic environment for plug-based and counterdiffusion
methods in confined geometries (plastic labcards) is being developed by a number of SG centers

Joachimiak Page 7

Curr Opin Struct Biol. Author manuscript; available in PMC 2010 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



[53*,54*]. These approaches are being developed for both in situ X-ray screening and data
collection. Crystallization in a microfluidic environment has minimal sample requirements and
may allow crystallization of proteins that can be obtained only in very small amounts. At the
same time, rapid progress is being made on using mini-beams for data collection at the
synchrotrons (see below).

The use of synchrotron facilities for protein structure determination
The SG effort in methods and technology-development has also made a major impact on the
automation of crystal handling, data collection using cryo-crystallography and synchrotron X-
ray sources, and structure determination using multi- or single-wavelength anomalous
diffraction (MAD/SAD) phasing and automated approaches, automation of model building
and structure refinement and verification.

High-throughput crystallography using synchrotron radiation—At the onset of SG
programs it become evident that in order to accomplish the throughput needed to determine
hundreds of protein structures, synchrotron facilities must be used. Fortunately, third
generation synchrotron facilities were coming on line in Europe, the US and Japan. Now over
one hundred twenty synchrotron beamlines are available world-wide for macromolecular X-
ray crystallography (http://biosync.rcsb.org/). Moreover, the efficiency of many beamlines has
increased with a number of them turning out over 100 and the best approaching 300 structures
per year. The high flux, brilliance, and flexibility inherent in the design of the optics, coupled
with a kappa-geometry goniometer and beamline control software, allows optimal strategies
to be adopted in protein crystallographic experiments, thus maximizing the chances of their
success. The synchrotron beamlines, when combined with crystal cryo-protection and robotic
crystal handling, allowed for the optimal use of the “anomalous signal” for phasing structures.
Data can be collected from a single crystal and the phases can be extracted semi-automatically
[19**,55*]. The SG programs have significantly contributed to establishing MAD/SAD as a
routine method of protein structure determination (Fig. 2). Moreover, ultrafast MAD/SAD data
collection is now possible on a routine basis and with the widespread use of SeMet for phase
determination the method has become the most prominent experimental approach in de novo
determining structures of protein. Developments in crystallographic software are
complementing these advances, paving the way for improving quality and accelerated protein
structure determination[56]. For many proteins, data are being processed in near real time and
structures are now determined at the synchrotron facility. This changed the approach and
planning of the diffraction experiments and increased success rates. The use of synchrotron
facilities has truly transformed SG and structural molecular biology research and contributed
to the growth of structures in PDB (Fig. 3).

The use of SeMet for phasing structure—Synchrotrons allow the optimal use of
anomalous scattering for protein structure determination. The applicability of this method has
been widely extended by the ease of incorporation of Se atoms in the form of SeMet into the
protein in vivo, providing a source of measurable anomalous signal[57]. SG programs have
widely adopted this approach, combining it with cryo-crystallography at the synchrotrons often
permits all data to be measured from a single crystal[58]. This approach significantly reduces
systematic errors in the experiment and is truly HTP. It eliminates the arduous search for
suitable heavy-atom derivatives and the problems of non-isomorphism between native and
derivative crystals, as all data are collected from the same crystal. As the Se atoms are
covalently bound, problems with poorly occupied sites are eliminated and often a single, well-
ordered selenium site is sufficient to phase 25–35 kDa protein (Fig. 4) and produce an excellent
experimental electron density maps[59].
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Use of X-ray minibeams—The use of mini-beams is a new exciting development in
synchrotron research. Mini-beams (5–20 microns in diameter) provide several important
benefits. Illuminating very small crystals with a small beam reduces the scatter from the matter
surrounding the crystal. Low background scattering from a minibeam can lead to significant
improvements in the signal-to-noise ratio, Rmerge and effective diffraction limit[60*]. Mini-
beams can help with crystal inhomogeneity to identify best-ordered crystal regions. In addition,
based on theoretical considerations and some recent experimental results[61,62], it appears
that crystals only a few μm in size (microbeams) give usable data sets with lower radiation
damage than projected from radiation damage studies with larger crystals. The use of nano-
liter crystallization technology in combination with synchrotron micro-beams has the potential
to revolutionize structural molecular biology.

Improving data for structure determination—A novel approach to scaling diffraction
intensities has been developed by SG researchers. This method minimizes the disagreement
among multiple measurements of symmetry-related reflections using a stable refinement
procedure. The scale factors are described by a flexible exponential function that allows
different scaling corrections to be chosen and combined according to the needs of the
experiment. The scaling model includes: scale and temperature factor per batch of data;
temperature factor as a continuous function of the radiation dose; absorption in the crystal;
uneven exposure within a single diffraction image; and corrections for phenomena that depend
on the diffraction peak position on the detector. This scaling model can be extended to include
additional corrections for various instrumental and data-collection problems[63*].

Semi-automated structure determination using X-ray crystallography and
synchrotron radiation—The development of several large-scale SG projects world-wide
presented new challenges in the field of crystallographic macromolecular structure
determination. The use of anomalous signal allowed standardization of data collection
strategies and phasing approaches without compromising the structure quality; in fact, it
improved the quality of experimental electron density maps. For example, the MCSG has
integrated strategy with data collection, data reduction, phasing and model building. This
significantly accelerated the process of structure determination and minimizes the number of
data sets and synchrotron time required for structure solution. The new software suite HKL3000
for semi-automated structure determination was developed by Minor, Otwinowski and
colleagues[19**]. The software attempts to solve the structure using different algorithms and
approaches, rapidly converting diffraction data into an interpretable electron density map, and
for smaller structures, into an initial model in near real time. The heuristics for choosing the
best computational strategy at different data resolution limits of phasing signal and crystal
diffraction are being optimized. The typical end result is an interpretable electron-density map
with a partially built structure and, in some cases, an almost complete model. The system is
combined with relational databases and linked to external web resources (MCSG, SGPDB,
PDB, Swissprot, NCBI and others) and is easily accessible via HKL3000 GUI. The software
has been successfully tested on several hundred novel proteins and has resulted in over 800
PDB deposits.

A novel software suite called PHENIX has been developed by Adams, Terwilliger and
colleagues[18**,55*,64]. The software combines all the necessary algorithms to proceed from
reduced intensity data to a refined molecular model and facilitate semi-automated structure
solution. The PHENIX software suite is a highly automated (see Adams et al. this issue) and
can rapidly arrive at an initial partial model of a structure without significant human
intervention, given moderate resolution, and good quality data. The software is composed of
several integrated modules for structure determination: maximum-likelihood molecular
replacement (PHASER), heavy-atom search (HySS), template- and pattern-based automated
model-building (RESOLVE, TEXTAL), automated macromolecular refinement (PHENIX.
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refine), and iterative model-building, density modification and refinement that can operate at
moderate resolution (RESOLVE, AutoBuild). These algorithms are based on a highly
integrated and comprehensive set of crystallographic libraries that have been built and made
available to the community. The PHENIX modules are tightly linked and made easily
accessible through the Wizards and the GUI.

Improving structure deposition—In the PSI all protein structures are made available to
the public as soon as they are completed and deposited into the PDB. In order to expedite the
deposition process, the Burley laboratory developed Deposit3D[65*]. This command-line
script gathers all the required structure-deposition information and outputs this data into an
mmCIF file for subsequent upload through the RCSB PDB ADIT interface. Deposit3D is very
useful for SG pipeline projects because it allows workers involved with various stages of a
structure-determination project to pool their different categories of annotation information
before starting a deposition session. It also helps individual researchers to standardize files and
help in the deposition process.

Structural genomics knowledge database—SG also pioneered the comprehensive
approach to combining structural data with many other resources available on line. The recently
established PSI Structural Genomics Knowledgebase (PSI SGKB) is a free, comprehensive
resource produced in collaboration between the Protein Structure Initiative (PSI) and Nature
Publishing Group. The PSI SGKB, (http://kb.psi-structuralgenomics.org) attempts to combine
SG data into knowledge that can be used by the biological research community to understand
living systems and disease[28*]. The PSI SGKB serves as a continually updated portal to
research data and other resources from the PSI and links to structures in the Protein Data Bank
(PDB), functional annotations, associated homology models, worldwide protein target tracking
information, PSI technologies, available protocols and PSI Material Repository. By making
these resources freely available to scientific community, the PSI SGKB serves as a bridge to
connect the structural molecular biology and the greater biomedical communities.

The perspective
Structural genomics systematically addressed major challenges in structural molecular biology
and substantially improved the methods of structure determination applicable to many proteins.
As a result, several robust HTP structure determination pipelines have been established with
the capacity to determine hundreds of protein structures per year. The cost of structure
determination has been reduced substantially and the quality of structures has been significantly
improved. SG has also changed the approach to structure determination by identifying
bottlenecks, testing salvage approaches and evaluating their efficacy using a large set of novel
proteins. Custom and commercial instrumentation integrated into the PSI pipelines are largely
available to the scientific community. However, there are a number of challenges that need to
be addressed. For example, the PSI technology centers focus their efforts on methods
development in structure determination of membrane proteins. The new HTP technologies are
being applied with encouraging success to membrane proteins and small complexes[66]. The
Center for Structures of Membrane Proteins and the New York Consortium on Membrane
Protein Structure have had good success expressing, purifying and determining the structures
of representative members of membrane protein classes. Thus far, 12 structures of membrane
proteins have been deposited to PDB. Similarly, new HTP technologies can accelerate
expression, purification and structure determination of small protein/protein complexes. The
use of mini- and micro-beams and small crystals offers new opportunities in determining
structures of proteins and various complexes that were not possible just few years ago.
Reducing X-ray radiation damage, improving data processing and better modeling damage
may further enhance these opportunities. At the foundation of these new developments is
significant investment in methods, technology, and access to the most challenging data. To
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assure healthy and robust structural molecular biology these developments must continue to
address new challenges and advance biomedical research to the benefit the society. However,
a number of questions remain. How can structural molecular biology cope with this enormity
of genomic and proteomic data and contribute valuable knowledge to rapidly expanding
biology? This and other questions will need to be addressed in the near future.
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Figure 1.
Structures of two novel monooxygenases. ActVA-Orf6, PDB id 1LQ9 (left), involved in
actinorhodin biosynthesis and IsdI PDB id 1SQE (right), involved in heme degradation. These
proteins show virtually no sequence similarity, but they share a ferredoxin-like fold - an α+β
sandwich with an anti-parallel β-sheet. The structures can be superimposed with rmsd 1.92 Å
over 107 residues. These proteins function as monooxygenases on quite different substrates.
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Figure 2.
Protein structural deposits with data obtained from home (orange) and synchrotron sources
(blue).
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Figure 3.
Structure determination using the traditional heavy atom (MIR/SIR) approach and using the
anomalous signal (MAD/SAD) approach.
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Figure 4.
MAD/SAD phasing provides higher quality electron density maps, allows automated map
interpretation and improves structure quality. The electron density of GmpC lipoprotein-9 from
S. aureus was obtained with 1 selenium atom per 297 residues [59]. The phases were obtained
from a SAD experiment near the selenium edge. The experimental maps were calculated at 1.7
Å and contoured at 1σ.
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Table 1
World-wide structural genomics centers.

Center Structures in PDB
RIKEN Structural Genomics/Proteomics Initiative 2650
Midwest Center for Structural Genomics (PSI) 997
Joint Center for Structural Genomics (PSI) 839
New York SGX Research Center for Structural Genomics (PSI) 733
Structural Genomics Consortium 681
Northeast Structural Genomics Consortium (PSI) 667
TB Structural Genomics Consortium 184
Center for Eukaryotic Structural Genomics (PSI) 180
Southeast Collaboratory for Structural Genomics (PSI) 117
Structural Proteomics in Europe 114
Berkeley Structural Genomics Center (PSI) 95
Seattle Structural Genomics Center for Infectious Disease 83
Montreal-Kingston Bacterial Structural Genomics Initiative 76
Structural Genomics of Pathogenic Protozoa Consortium 66
Center for Structural Genomics of Infectious Diseases 66
Structure 2 Function Project 52
Mycobacterium Tuberculosis Structural Proteomics Project 21
Ontario Centre for Structural Proteomics 18
Oxford Protein Production Facility 17
Israel Structural Proteomics Center 16
Center for Structures of Membrane Proteins 11
Integrated Center for Structure and Function Innovation (PSI) 11
Marseilles Structural Genomics Program @ AFMB 10
Medical Structural Genomics of Pathogenic Protozoa (PSI) 5
Scottish Structural Proteomics Facility 5
Center for High-Throughput Structural Biology (PSI) 5
Paris-Sud Yeast Structural Genomics 4
Bacterial targets at IGS-CNRS, France 4
Accelerated Technologies Center for Gene to 3D Structure (PSI) 3
Structural Proteomics in Europe 2 3
Protein Structure Factory 1
New York Structural GenomiX Research Consortium (PSI) 1
New York Consortium on Membrane Protein Structure (PSI) 1
Total (source PDB) 7733
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